High performance liquid chromatography/UV-absorption and 32 P-postlabeling were used to quantitate adducts generated by reaction of the four configurationally isomeric benzo[c]phenanthrene 3,4-dihydrodiol 1,2-epoxides with native or denatured DNA in vitro. For both the 4R£S-dihydrodiol 2S,lR-epoxide and the 4S,3#-dihydrodiol 2S,lR-epoxide, the amount of product resulting from transopening of the epoxide ring by the exocyclic amino group of deoxyadenosine in denatured DNA was much less than the level found in native DNA, indicating that the native DNA structure probably intercalates the hydrocarbon residue in a fashion that promotes adenine reaction for 2S,1R-epoxides.
Metabolites of polycyclic aromatic hydrocarbon carcinogens that have the most marked carcinogenic activities are those on the pathway leading to bay region or fjord region dihydrodiol epoxides (1-3). This indicates that these latter metabolites are responsible for the carcinogenic properties of polycyclic aromatic hydrocarbons in most cases (reviewed in [4] [5] [6] . The reactions with DNA of the four configurationally isomeric 3,4-dihydrodiol 1,2-epoxides of benzo [c] phenanthrene (BcPhDE*) (7,8; Figure 1 ) have been studied more extensively (9) (10) (11) (12) (13) (14) (15) than those of other fjord region dihydrodiol epoxides, but the chemical basis for the different adduct distributions found with different isomers is not completely understood. The dihydrodiol epoxides in which the epoxide oxygen and the benzylic hydroxyl are trans (i.e. the stereoisomers that are frequently referred to as anti dihydrodiol epoxides or the DE-2 derivatives and are identified here by the configurations at the chiral carbons listed in the sequence 4, 3, 2, 1; see Figure 1 ) react to form trans adducts extensively with both deoxyguanosine and deoxyadenosine residues in DNA (11,12). However, the R,SJl,S dihydrodiol epoxide (one of the pair of enantiomers often referred to as syn or DE-1) gives a major trans deoxyguanosine adduct and a major cis deoxyadenosine adduct, whereas its SJl,SJl enantiomer gives almost exclusively deoxyadenosine adducts (mostly trans) (11, 12, 15) .
To further our understanding of the factors that determine reaction specificities in these specific dihydrodiol epoxide-DNA reactions, we have now compared adduct formation from reaction of these configurationally isomeric BcPhDEs with both native and denatured DNA in vitro. The major effect of © Oxford University Press native DNA structure, in relation to denatured DNA, was a substantial increase in trans deoxyadenosine adduct formation for dihydrodiol epoxides with 2S,1 R-epoxides. In the case of 27?,lS-epoxides the major effect was a smaller increase in cis deoxyadenosine adduct formation.
Aliquots of calf thymus DNA solutions at 1 mg/ml in 0.1 M Tris-HC1, pH 7 that either had or had not been denatured, by heating at 90°C for 5 min followed by rapid cooling in ice, were treated with 0.1 vol. of an acetone solution of each of the four isomeric BcPhDEs (1 mg/ml) and incubated separately at 37°C for 6 h. The mixture was then extracted with an equal volume of water-saturated n-butanol (3X) and with diethyl ether (3X) to remove tetraol hydrolysis products. Residual traces of organic solvent were removed in a slow stream of nitrogen at room temperature. Aliquots of modified DNA were enzymatically digested to nucleosides using DNase I, snake venom phosphodiesterase (1 U/mg DNA has been shown to be effective in fully digesting hydrocarbon-adducted DNA; 14,16) and alkaline phosphomonoesterase (17) . The hydrocarbon-nucleoside adducts were recovered on reverse phase Sep-Pak cartridges and separated by reverse phase HPLC with the eluent being monitored at 255 nm, as previously described (11). Adducts were quantified as optical density units at 255 nm. Assuming mat extinction coefficients for different adducts and for tetraols would all be similar and using 337 as the molecular weight per mole of phosphorus in DNA, the total reaction with DNA and the yields of individual adducts were estimated in adducts per 10 3 nucleotides.
The adduct distributions (i.e. individual adducts as a percentage of total adducts) in native DNA were similar to those reported earlier (11), but the adduct distributions in denatured DNA differed from the native distributions, substantially in some cases. The actual levels of individual adduct formation for native and denatured DNA were also significantly different in most cases ( Figure 2 ). To confirm these observations, adduct yields were also determined by post-labeling methods (13, 18) using the benzo[c]phenanthrene-deoxyribonucleoside adduct markers described earlier (13) to establish adduct identification ( Figure 2 ). As anticipated, the adducts were not detected with 100% efficiency by post-labeling and, in fact, the efficiencies of detection relative to the HPLC/UV method were in the 25-50% range, depending on the dihydrodiol epoxide isomer used. However, as can be seen in Figure 2 , the two methods gave fairly similar results with respect to the effect of DNA denaturation on adduct formation. Giles et al. (20) have also found different post-labeling efficiencies for different benzo[c]phenanthrene dihydrodiol epoxide isomers.
These data were analyzed using a Student's Mest (21) and differences between the native and denatured DNA samples were found to be significant in both assays (i.e. HPLC/UV and post-labeling analyses) for four products, i.e. the trans deoxyadenosine adducts from the R,S,SJi and SJi,SJi isomers, the trans deoxyguanosine adduct from the SJi,SJl isomer and the cis deoxyadenosine adduct from the R,SJ?,S isomer. This is a minimum estimate of the differences for native and denatured DNA, because in some cases all adducts were not resolved by the post-labeling procedure and thus no postlabeling data were obtained. Of the consistently observed differences between native and denatured DNA, the effect on trans deoxyadenosine adduct formation was the most substantial, and both dihydrodiol epoxide isomers involved in this effect were those containing 25,l/?-epoxides. These differences were also clearly apparent in the autoradiographs produced in the post-labeling assay ( Figure 3 ). For these same 25,li?-epoxides, a decrease in trans deoxyguanosine adduct formation was seen on going from denatured to native DNA, though the change could not be shown to be significant with the post-labeling assay for the R,S,S,R isomer ( Figure 2 ). The formation of cis deoxyadenosine adduct was significantly higher in native DNA in both assays for the 4R,3S dihydrodiol These studies sought to evaluate the reactions of each of the four dihydrodiol epoxides of benzo[c]phenanthrene with both native and denatured DNA in vitro. Total levels of DNA modification determined from HPLC/UV analyses were reduced in denatured DNA to 50-90% of those in native DNA (Figure 2 ). The most obvious finding was that the native DNA structure was shown to promote trans deoxyadenosine adduct formation from the dihydrodiol epoxides that contain a 25,1/?-epoxide function, i.e. the R,S,SJi and SJl,SJl isomers ( Figure  1 ). These two isomers are the major and next most major UWI «UUM HAAS dQuo,. dAdo. Fig. 2 . Levels of adduct formation in commercial calf thymus DNA treated as described in the text with the four configurationally isomeric BcPhDE.
Values are means of duplicate determinations except for the HPLC analyses of native DNA, which were done in triplicate. Agreement between duplicates or triplicates was very close in all cases. For post-labeling, DNA samples (4 ng) were incubated with micrococcal nuclease (2 (ig) and spleen phosphodiesterase (2 |ig) at 37°C for 3.5 h and normal nucleotides were removed by incubation at 37°C with nuclease PI (4 ng) (18) . Aliquots (equivalent to 7 ng DNA) were post-labeled with 3 U polynucleotide kinase and [y-32 P]ATP (100 uCi, -3000 Ci/mmol) (19) . Nucleoside 3'-phosphate markers (13) were also post-labeled. Adducts were resolved as before (13), except Dl and D5 were 1.0 M sodium phosphate, pH 6.8. Adduct spots were identified by comparison with authentic synthetic standards and quantified, after excision, in a liquid scintillation spectrometer. Adduct levels were calculated using the relative adduct labeling formula (19) and these values were then converted into adducts/10 3 nucleotides. The structures for the adducts are given in Figure 1 . Asterisks were placed over the denatured DNA columns when the values for native and denatured DNA were significantly different according to Student's /-test (21) . For the HPLC/ UV analyses total adducts/10 3 nucleotides for native and denatured DNA respectively were: RJJM, 75.7 and 59.9; SJtJJi, 49.8 and 24.8; SJiJtJ, 39.3 and 28.4; RJJfJS, 45.8 and 40.7. Note the different scales used in the figure for the post-labeling and HPLC data. dihydrodiol epoxides formed metabolically in cellular systems (22) , as well as the most carcinogenic of the four BcPhDE isomers (3) .
NMR studies of the conformations in oligonucleotide duplexes of trans deoxyadenosine adducts derived from both the S,RJ*,S isomer (23) and the R,S,SJt isomer (24) of BcPhDE, have been reported. These studies show that the benzo[c]phenanthrene residue in both adducts is intercalated between the modified base pair and the neighboring base pair, but on the 5'-side of the adduct in the case of the SJIJIJ5 isomer and on the 3'-side in the case of the R,S,S,R isomer, suggesting that all four dihydrodiol epoxides intercalate into native DNA with the same facial orientation of the phenanthrene residue. Since the native DNA structure enhances (with respect to denatured DNA) trans deoxyadenosine adduct formation for the R,S,S,R-and S^.Svft-dihydrodiol epoxides, but not for their SJIJI,S and R,S,R,S enantiomers (Figure 2) , it seems reasonable to conclude that the duplex DNA structure may promote intercalation of the benzo[c]phenanthrene moiety on the 3'-side of an adenine residue in an orientation that would place the adenine amino group at the back side of the 25,l/?-epoxides, thus promoting adduct formation. This orientation of the hydrocarbon residue would not be expected to favor trans adduct formation from the 2/?,lS-epoxides and, indeed, the data suggest that the native DNA structure does not increase fra/w-deoxyadenosine adduct formation from these isomers and might decrease it a little in some cases. Also, it might be expected that cis deoxyadenosine adduct formation would be promoted for 2>?,lS-epoxides by the native DNA structure and this is consistent with the observations in Figure  2 . Intercalation, as described above, would be consistent with one of the mechanisms proposed to account for neighboring base effects on the ease of trans versus cis opening of the epoxide ring in DNA reactions of the S,R,SJi isomer (15) .
We conclude, therefore, that the secondary structure of double-stranded DNA binds the 3,4-dihydrodiol 25,l/?-epoxides to DNA in such a fashion as to promote trans opening by the deoxyadenosine amino group. Earlier studies with benzo[a]pyrene 7^,85-dihydrodiol 9S,10/?-epoxide (25) did not show a substantial change in trans deoxyadenosine adduct formation with denaturation, but this is not a fjord region compound and the trans deoxyadenosine adduct represented only 3.5% of total adducts.
